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Abstract

Exploration of Ocean Worlds requires a new type of mis-
sion to be developed, an ice penetrating submersible vehicle.
Such a mission would present a number of new challenges,
including long range autonomous under ice navigation. We
have developed a method based on Golden Section Search
for an AUV to home to a base station with a single range-only
acoustic beacon and no absolute heading measurement capa-
bilities. We demonstrate this method in simulation to home
from 10km away to within 1km. Such capabilities would be
required for a submersible to explore any substantial portion
of the oceans on these Ocean Worlds.

Introduction

Liquid oceans are thought to exist on at least eight bod-
ies in our solar system. On all bodies except for Earth,
these oceans are encased in an icy shell, potentially kilo-
meters thick (National Aeronautics and Space Administra-
tion 2018). Ice penetrating, submersible vehicles would need
to be developed to study these worlds. A notional mission
concept for such a submersible contains three main compo-
nents: a surface antenna, a fixed under-ice base station, and
a submersible vehicle, shown in Figure 1. A cryobot would
penetrate the icy shell, deploying the base station and sub-
mersible vehicle at the bottom of the borehole. The vehicle
would be able to acoustically communicate to the base sta-
tion which can then be relayed through the surface antenna
to Earth. The long mission duration — potentially over a
year to melt through the icy shell and a one year exploration
mission — requires a low power vehicle, limiting the types
of instruments on board. The vehicle would ideally travel
hundreds of kilometers distant from the base station while
being able to return to transfer data, with data subsequently
relayed from the base station, through the surface antenna
to Earth. When the submersible is distant from the base sta-
tion, which would be required to explore a large amount of
the ocean, it will be unable to communicate with Earth.

For the vehicle to travel outside of communication range
with the base station it must be able to reliably return.
An acoustic beacon or set of beacons on the base station
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would enable underwater navigation. A number of con-
straints drive viable underwater navigation strategies. First,
acoustic sources can only be co-located with the base sta-
tion. Deploying additional sources at disparate locations, ei-
ther through additional boreholes or once under-ice, would
significantly increase mission cost and complexity. Second,
a long-range (>10 km) acoustic navigation beacon would
only be capable of providing range measurements to the ve-
hicle. Finally, due to the time-varying induced magnetic field
of Ocean Worlds such as Europa, we assume that no absolute
heading measurements via magnetic navigation is possible.
We present a homing method that will allow the vehicle to
return to the base station while using only a single acous-
tic beacon with range-only capabilities and an IMU with no
absolute heading information.

The remainder of the paper is organized as follows. We
present related works, our homing method, the simulated ex-
periment, and the results. Finally we discuss the results and
present future work.
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Figure 1: Diagram of a concept Ocean Worlds submersible.
Three main components are shown, the submersible vehicle,
the under ice base station, and the surface antenna. The base
station and vehicle are deployed to the ocean through the
borehole. The vehicle is able to acoustically communicate
with the base station which can then be relayed through the
surface antenna to Earth. Figure reproduced from (Branch et
al. 2020). (¢) 2020 IEEE.



Related Work

Traditional AUV navigation involves dead reckoning up-
dated periodically with absolute positioning information
such as GPS, Ultrashort Baseline (USBL), Long Baseline
(LBL), or Short Baseline (SBL) navigation. With our con-
straints these methods of absolute positioning are not feasi-
ble.

USBL uses a single source and a single receiver with mul-
tiple transducers to determine the range and bearing of the
receiver with respect to the source based on the phase shift
between the transducers (Vickery 1998). This method re-
quires high-frequency acoustics due to the small distance
between the transducers, limiting the distance at which it is
functional to under about 10km ( this varies drastically de-
pending on environmental conditions) and subsequently lim-
iting the distance which the submersible could travel from
the base station.

LBL uses multiple sources and a single receiver to tri-
angulate the receiver with respect to the sources (Vickery
1998). (Webster et al. 2015) and (Jakuba et al. 2008) used
LBL methods for under-ice AUV navigation. The sources
must be separated by some distance. Such a system on an
Ocean World would require multiple boreholes through the
ice shell or a system to deploy acoustic sources under the
ice, increasing complexity and cost.

SBL is similar to LBL in that it uses multiple sources and
a single receiver to triangulate the receiver with respect to
the sources. However the sources are usually deployed over
the side of a single ship, resulting is a short baseline be-
tween sensors (Vickery 1998). As with LBL this would re-
quire multiple boreholes through the ice shell or a system to
deploy acoustic sources under the ice, increasing complexity
and cost.

Single beacon range-only acoustic navigation is well stud-
ied. Foundational work is presented in (Scherbatyuk 1995),
using least squares to estimate vehicle position from multi-
ple ranges. (Baccou and Jouvencel 2003), (Baccou and Jou-
vencel 2002), and (Vaganay, Baccou, and Jouvencel 2000)
use a nonlinear least squares fit to initialize an estimate of
the vehicle position and an EKF to provide continuous posi-
tion updates as it homes to the source. (McPhail and Pebody
2009) and (Hartsfield Jr 2005) uses an iterative approach
utilizing nonlinear least squares fit to estimate course. (La-
Pointe 2006) uses multiple ranges from a single source along
a dead reckoned track and nonlinear least squares fit to sim-
ulate ranging from multiple sources. (Webster et al. 2012)
uses a centralized EKF, receiving both ship and AUV data to
perform navigation with one way travel time ranges. All the
above works assume an absolute heading measurement such
as that from a magnetic compass is available. Without such
a sensor the error of the estimate from the EKF can grow
unbounded. Given current knowledge about Ocean Worlds
it is not guaranteed that such a sensor would be possible.
Our method of single beacon homing does not require abso-
lute heading information, only sufficiently accurate relative
heading information over short periods of time.

Golden Section Search

The goal of the homing method is to select a heading that
minimizes the rate of change of the measured range over
time (A range). Note that this is a minimization problem be-
cause A range is negative when the distance between the ve-
hicle and the beacon is decreasing. Given fixed currents, the
A range to the beacon with respect to heading if very close
to a sine curve, containing one minimum. The A range for
a heading can be estimated by following a transect on that
heading for some distance. We can use a modified Golden
Section Search (Kiefer 1953) to locate the heading with the
minimum A range. This search operates by estimating A
range on 3 headings defining a search interval to determine
if the maximum is located inside or outside of the interval.
If it is outside, the interval is moved by calculating A range
on an additional heading outside this interval. If the maxi-
mum 1is located inside the interval, then the size of that in-
terval is reduced by calculating A range on a heading inside
the interval. This repeats until the interval size reaches some
threshold.

This method only requires relative heading information
and therefore does not require magnetic navigation. Note
that the function describing the A range to the beacon with
respect to heading is time varying as the vehicle moves rela-
tive to the beacon and as currents change. In addition, the
lack of an absolute heading will result in deviation from
any commanded heading. We assume that the vehicle is able
to maintain some heading and move between relative head-
ings with enough accuracy to estimate the A range before
errors render it invalid. This algorithm contains 3 main com-
ponents. The next heading to probe is calculated from the
current search interval, the vehicle is commanded along this
heading to estimate the A range, then the search interval is
updated based on the newly calculated A range.

Given an interval containing 0 to 3 A ranges calculated
for some heading we can then calculate the next head-
ing to probe. Given 3 headings, hg, h1, ho, the follow-
ing ratio must be maintained (hy — hg)/(ha — h1) = o,
where ¢ is the golden ratio. Using this ratio insures that the
next interval will be the same size independent of the spe-
cific interval selected. If the potential next intervals were
not of the same size then bad luck could result in the
larger interval being selected repeatedly, slowing conver-
gence. The selection of the next heading is described in
the GET_NEXT_HEADING procedure in Algorithm 1 and
shown in Figure 2. GET_NEXT_HEADING takes two ar-
guments, the list of headings on the interval, headings,
and the A ranges for those headings, delta_ranges. When
the algorithm begins, these lists will be empty as no A
ranges have been calculated. The first three probes, when
the length of headings is 0, 1, and 2, initialize the search
interval. The first probe is some arbitrary heading, the sec-
ond probe heading is offset start_interval /¢ from the first,
and the third probe is selected such that it is adjacent to the
minimum A range so far and offset by start_interval —
(start_interval/¢) so the total interval size is equal to
start_interval and the previously discussed ratio is pre-
served. For all subsequent heading selections, we will have
3 headings and A ranges that will dictate the next heading,
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hs. Without loss of generality, assume hg, h1, and ho form
an interval in that order. There are 4 possible cases, however
2 are mirrored, so we will only discuss 2 cases here. Case 1:
the minimum A range value of the current interval is on the
right end of the interval, when argmin(delta_ranges) is 2.
In this instance the next heading is selected outside of the
current interval next to the current observed minimum. The
probe selection point is hg = ha + (h1 — hg). In this case
the size of the interval does not change, however the inter-
val is shifted towards the minimum. Note that the distance
between hy and hj is equal to the distance between hg and
hi to preserve the required ratio. The mirror of this case is
when the minimum A range value is on the left end of the
interval. Case 2: the minimum value of the current interval is
in the middle of that interval and h; — hg < hy — hq. In this
instance the next heading is selected inside of the current in-
terval, specifically between hy and hy as this gap is larger
than between hy and h;. To insure that the golden ratio is
maintained and to place the next heading between h; and
ha, the selected heading should be hs = hg + (ha — ho)/®.
The mirror of this case is when h; — hg > hy — hq.

Once the next heading is selected we must measure the
A range over time along this heading. This is done by fol-
lowing a single heading while receiving multiple range dis-
tances. This is outlined in the MEASURE_DELTA_RANGE
procedure in Algorithm 1. The vehicle is commanded along
a specific heading. When the vehicle receives a new range,
new-_range, it recalculates the slope, new_slope, of all re-
ceived ranges on this heading so far. This repeats until the
end condition for following the heading is satisfied. This
end condition is as follows. The standard deviation of the
last num_slopes_std_dev slopes are calculated. The calcu-
lation of A range along this heading is considered com-
plete when this standard deviation is below a specified value,
target_slope_std_dev, indicating that the calculated slope
has stabilized with new range measurements. This will only
occur after a minimum number of ranges are received to cal-
culate the required standard deviation. If at any time during
this process the vehicle has travelled along the given head-
ing for max_time_on_transect seconds, then the A range
calculation is completed and the latest slope is used.

Finally, we must update the current search interval. We
have 4 A ranges on 4 headings and must down-select to 3.
If the minimum A range is on the end of the interval then
we take that heading and the two closest headings to it as
the interval. If the minimum A range is in the middle of the
interval then we take that heading and the two headings on
either side of it as the interval. This is shown in Figure 3.
We then repeat the heading selection, measurement, interval
update processes until a given interval size has been reached.
Once the given interval size has been reached we transition
to following the heading that resulted in the minimum A
range over time.

We follow this heading, continuing to measure the A
range over time via a running average. When this decreases
below a given percentage of the originally measured value
we restart the Golden Section Search process. This repeats
until we are within the target distance of the beacon.

Algorithm 1 Golden Section Search Homing

procedure GOLDEN_SECTION_SEARCH
headings < empty list
delta_range < empty list
while headings.length < 3or
abs(heading[0] — heading[2]) > stop-interval do
next_-heading < get-next_heading(headings, delta_-ranges)
change_in_range < measure_delta.range(next_-heading)
append next_heading to headings
append change_in_range to delta_-range
Sort headings and delta_-range based on headings
if headings.length == 4 then
if argmax(delta.range) == Oor argmax(delta-range) == 1 then
remove last entry in headings
remove last entry in delta-range
else
remove first entry in headings
remove first entry in delta-range
procedure GET_NEXT_HEADING(headings, delta_ranges)
if headings.length == 0 then
return 0
else if headings.length == 1 then
return headings[0] + start_interval/golden_ratio
else if headings.length == 2 then
if argmin(delta-ranges) == 0 then
return headings[0]—
(startinterval — (start-interval/golden_ratio))
elseif argmin(delta.ranges) == 1 then
return headings[1]+
(startinterval — (start_interval/golden_ratio))
else if headings.length == 3 then
if argmin(delta-ranges) == 0 then
return heading[0] — abs(heading[l] — heading(2])
elseif argmin(delta-ranges) == 1 then
if heading[l] — heading[0] <
heading[2] — heading|[1] then
return heading[0] 4+ abs(heading[0] — heading[2])/golden_ratio
else
return heading(2] —abs(heading[0] — heading[2])/golden_ratio

else if argmin(delta.ranges) == 2 then
return heading[2] + abs(heading[0] — heading[1])
procedure MEASURE_DELTA_RANGE(heading)
Command vehicle along next_heading
times <— empty list
ranges <— empty list
slopes < empty list
do
‘Wait for next range
append new_range to ranges
append new_range_timeto times
new-slope <+ least_squares_slope(times, ranges)
append new_slope to slopes
if slopes.length > num_slopes_std_dev then
remove first entry in slopes
while time on transect < max_time_-on_transect and
(slopes.length < nume_slopes.std_dev or
std dev of slopes > target_slope_std-dev)
return Last entry in slopes
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Figure 2: Plot describing the process of selecting the next
heading for Golden Section Search. The function describing
A range is shown in light grey, heading is plotted along the
x axis and A range over time on the y axis. The current in-
terval is shown in red, with lines at each heading and a dot at
the measured value. The next heading selected is shown in
green. Two of the four cases are shown. The remaining two
cases are mirrored.
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Figure 3: Plot describing the process of selecting the new
interval given the old interval and a new measurement. The
function describing A range is shown in light grey, heading
is plotted along the x axis and A range over time on the y
axis. The current interval is shown in red, with lines at each
heading and a dot at the measured value. The new measure-
ment is shown in green. The new interval is the three satu-
rated lines. The faded red line is removed from the interval.
Two of the four cases are shown. The remaining two cases
are mirrored.

Simulation Experiment

All experiments are performed in a simulation environment.
An FVCOM (Chen, Liu, and Beardsley 2003) based ocean

circulation model of Axial Seamount on the Juan de Fuca
Ridge is used to provide realistic currents. X-Y resolution
is 200m at the model center with resolution decreasing out-
wards. There are 127 Z layers uniformly distributed between
the surface and the seafloor at any given location, providing
approximately 12-20m of resolution in our operation region.
Outputs from the HYbrid Coordinate Ocean Model (HY-
COM), OSU Tidal Inversion, and the National Centers for
Environmental Prediction (NCEP) Climate Forecast System
Reanalysis (CFSR) are incorporated into the FVCOM model
used.

The simulated AUV is equipped with an IMU and an
acoustic receiver. The angular velocity measurements pro-
vided by the IMU along with the commanded target velocity
are used in a simple dead reckoning system. Note that we do
not use any absolute heading measurements. We use a sim-
ple error model for both sensors. Random Gaussian error
and a fixed bias are introduced into the range measurements
from the acoustic beacon and the angular velocity measure-
ments. The bias and standard deviation of the range error is
determined as a percentage of the true range measurement,
so smaller ranges have smaller bias and errors. Angular ve-
locity measurements use a fixed bias and standard deviation
in degrees/s.

Ranges are provided to the vehicle once every 60 seconds.
The vehicle has a target X-Y velocity of 0.5 m/s and main-
tains a fixed depth. Four locations for the base station are
used in the model to allow for different current profiles. For
each base station location and parameter permutation there
are 8 runs. In these 8§ runs the vehicle starts 10 km away from
the base station at 45 degree intervals. The first heading of
the Golden Section Search algorithm is always O degrees.
Success is declared when the vehicle reaches acoustic com-
munication range, 1 km in our experiments. If 48 hours pass
and the vehicle is unable to come within this range it is con-
sidered a failure. In 48 hours the vehicle can travel approxi-
mately 86.4 km. We varied the error parameters for the sim-
ulated acoustic and IMU sensors. A single error parameter
is varied at a time, while the remaining error parameters re-
main fixed. The fixed error parameters are as follows: range
standard deviation = 5%, range bias = 5%, angular velocity
standard deviation = 0.25 degrees/s, angular velocity bias =
0.005 degrees/s.

Results

A set of example runs can be seen in Figure 4. In this ex-
ample we see better performance from (a) where the algo-
rithm is able to more accurately determine the direction of
the beacon relative to the vehicle, taking a more direct path
and needing to restart the search less frequently.

Figure 5 and Figure 6 show the performance of the algo-
rithm as the quality of the range and angular velocity mea-
surements decrease respectively. For each plot, the x axis is
one of the four error parameters. The percent of runs that
were successful is shown in red, corresponding to the right
y-axis. The total distance travelled of each individual run is
shown as a blue point with the average as a blue line, corre-
sponding to the left y-axis. The error parameters are standard
deviation of the random Gaussian error and fixed bias for the
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range and angular velocity measurements. The range and an-
gular velocity error parameters are measured as a percentage
of the true range and as degrees/s, respectively. The mini-
mum distance travelled to end within 1 km of the beacon is
9 km, the approximate maximum distance before failure is
86.4 km (based on the vehicles target horizontal speed). As
most error parameters increase we see a sharp decrease in
the number of successful runs. We also see a rise in the aver-
age and variance of the distance travelled to achieve success.
The one exception to this is the range fixed bias.
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Figure 4: Two successful example runs. The vehicle path is
shown in blue with the starting location towards the top of
each plot. The acoustic beacon location is shown as a red
point and the 1km target range is shown as a red ring. The
run in the top figure has parameters: range standard devia-
tion = 5%, range bias = 5%, angular velocity standard de-
viation = 0.25 degrees/s, angular velocity bias = 0.005 de-
grees/s. The run in the bottom figure has parameters: range
standard deviation = 10%, range bias = 5%; angular velocity
standard deviation = 0.4 degrees/s, angular velocity bias =
0.005 degrees/s.
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Figure 5: Plots showing the performance of the algorithm
against the error parameters of ranges. Plot (a) varies the
standard deviation of the Gaussian error and plot (b) varies
the bias of the range measurements. All other error parame-
ters are fixed. The blue dots shows the average distance trav-
elled to achieve success from a single run, with 32 runs per
parameter value. The blue line shows the average of all runs.
The red line shows the percentage of runs that were success-
ful. These correspond to the left (blue) and right (red) y-axis
respectively.

Discussion

The viability of this method depends on the error character-
istics of the internal navigation sensors and ranging capabil-
ities of the vehicle. By increasing the error of range and an-
gular velocity measurements the average required time and
distance travelled to home to the base station significantly
increased, as did the uncertainty of these metrics. The one
exception to this is the range bias. As the range bias is fixed
and we only need the relative ranges over a short period of
time, this has little effect on the ability to estimate A range
over time.

The dead reckoning and ranging capabilities of the vehicle
are both critical to the calculation of A range on a specific
heading. An increase in the number of ranges taken or re-
duced error of those ranges will require the vehicle to main-
tain a heading for a shorter time interval, therefore reducing
error introduced by the dead reckoning system. Additional
ranging measurements would come at the cost of increased
power consumption at the base station. On the other hand,
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Figure 6: Plots showing the performance of the algorithm
against the error parameters of the angular velocity mea-
surement. Plot (a) varies the standard deviation of the Gaus-
sian error and plot (b) varies the bias of the angular velocity
measurements. All other error parameters are fixed. The blue
dots shows the average distance travelled to achieve success
from a single run, with 32 runs per parameter value. The blue
line shows the average of all runs. The red line shows the
percentage of runs that were successful. These correspond
to the left (blue) and right (red) y-axis respectively.

if the dead reckoning system is improved, then the vehicle
can maintain a specific heading for a longer time. Allowing
for more range measurements to be collected to compensate
for more error in those ranges. The viability of this method
would need to be analysed on a case-by-case basis given the
requirements of a specific AUV and mission/field program.

Future Work

The next step is to demonstrate this in a field program on-
board an AUV. While this initial simulation is promising,
the fidelity at which we can simulate underwater acoustics,
ocean currents, and sensor error characteristics is limited.
Confidence in this homing algorithm can only be achieved
through in-water testing. This method and any other navi-
gation methods need to be integrated with a broader mis-
sion plan akin to that in (Thompson et al. 2017), incorpo-
rating autonomous science capabilities such as ocean front
and feature tracking (Branch et al. 2019; Zhang et al. 2016;
Cruz and Matos 2014; Flexas et al. 2018).

We assume that false ranges are filtered. Previous work
on filtering acoustic ranges for AUVs needs to be applied
following the constraints presented here. This method needs
to be tested in comparison to other single beacon homing
and navigation techniques. This method covers the domain
where the vehicle is distant from the base station, but still
in range of the acoustic beacon for ranging. Two additional
domains need to be handled, when the vehicle is close to the
base station and requires fine-grain navigation and when the
vehicle loses contact with or is out of range of the acous-
tic beacon. This method provides homing capabilities, how-
ever vehicle localization is not possible. To maximize sci-
ence return of an Ocean Worlds submersible, vehicle navi-
gation would be required to locate data and revisit regions of
interest.

Conclusion

We demonstrated a method for AUV homing using a single
range-only acoustic beacon and no absolute heading infor-
mation. This method was tested using a simulated vehicle,
sensors, and realistic currents. We show that this method is
capable of homing from 10km to within 1km of an acoustic
beacon, with various amounts of sensor error.
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